D-malate to pyruvate. Induction of dmlA encoding DmlA required an intact dmlR (formerly yeaT) gene, which encodes DmlR, a LysR-type transcriptional regulator. Induction of dmlA by DmlR required the presence of D-malate or L-or meso-tartrate, but only D-malate supported aerobic growth. The regulator of general C 4 -dicarboxylate metabolism (DcuS-DcuR twocomponent system) had some effect on dmlA expression. The anaerobic L-tartrate regulator TtdR or the oxygen sensors ArcB-ArcA and FNR did not have a major effect on dmlA expression. DmlR has a high level of sequence identity (49%) with TtdR, the L-and meso-tartrate-specific regulator of L-tartrate fermentation in E. coli. dmlA was also expressed at high levels under anaerobic conditions, and the bacteria had D-malate dehydrogenase activity. These bacteria, however, were not able to grow on D-malate since the anaerobic pathway for D-malate degradation has a predicted yield of <0 ATP/mol D-malate. Slow anaerobic growth on D-malate was observed when glycerol was also provided as an electron donor, and D-malate was used in fumarate respiration. The expression of dmlR is subject to negative autoregulation. The network for regulation and coordination of the central and peripheral pathways for C 4 -dicarboxylate metabolism by the regulators DcuS-DcuR, DmlR, and TtdR is discussed.
Escherichia coli is able to use a large number of C 4 -dicarboxylates for growth under aerobic and anaerobic conditions. Under aerobic conditions the main C 4 -dicarboxylates used for growth are fumarate, succinate, and L-malate. The metabolism of these substrates involves uptake by the DctA transporter (encoded by the dctA gene), the citric acid cycle, and the malic enzyme/pyruvate dehydrogenase bypass to produce acetyl coenzyme A (acetyl-CoA) for feeding the citric acid cycle (9, 33, 35, 41) . Anaerobically, fumarate is metabolized by fumarate respiration using the fumarate reductase FrdABCD (encoded by the frdABCD genes) and the fumarate/succinate antiporter DcuB (encoded by the dcuB gene) (for reviews, see references 22, 47, and 48) . The C 4 -dicarboxylates L-malate and aspartate are transported to the cytoplasm by DcuB and then converted by fumarase B (fumB) and aspartase AspA to fumarate, which is used for fumarate respiration. In L-tartrate fermentation, the substrate is taken up by the L-tartrate/succinate antiporter TtdT (encoded by ttdT) and converted by the L-tartrate dehydratase TtdAB (encoded by ttdAB) to oxaloacetate (24, 38) . Oxaloacetate is then metabolized by reactions of the central metabolism to fumarate and converted to succinate by fumarate respiration.
The pathways are regulated at the transcriptional level in response to O 2 , nitrate, and the C 4 -dicarboxylates. Many genes involved in aerobic catabolism, including dctA, are repressed under anaerobic conditions by the ArcB-ArcA two-component system (9, 20) . The genes for fumarate respiration and related enzymes (dcuB, frdABCD, fumB, ttdAB, and ttdT) are subject to anaerobic induction by the oxygen sensor FNR and to nitrate repression by the NarX-NarL two-component system (15, 16, 37, 46) . For regulation in response to C 4 -dicarboxylates two systems have been described. The DcuS-DcuR two-component system induces the dcuB, fumB, and frdABCD genes of central anaerobic C 4 -dicarboxylate (or fumarate respiration-linked) catabolism (13, 52) . DcuS-DcuR also weakly induces expression of dctA (9) . The expression of the ttdAB and ttdT genes involved in L-tartrate fermentation is transcriptionally activated by the cytoplasmic LysR-type regulator TtdR, which responds to L-and meso-tartrate (26, 36) .
Recently, a metabolic route for aerobic degradation of Dmalate was described for E. coli. D-Malate is carried to the cytoplasm by the transporter DctA and then oxidized by the (decarboxylating) D-malate dehydrogenase YeaU to pyruvate (39) . An inducible enzyme of this type [D-malate ϩ NAD(P) 3 pyruvate ϩ CO 2 ϩ NAD(P)H ϩ H ϩ ] was found previously in extracts of D-malate-grown E. coli (45) . The pyruvate is then oxidized by pyruvate dehydrogenase and the citric acid cycle to CO 2 .
Bioinformatic and deletion studies have suggested that yeaU encoding D-malate dehydrogenase is transcriptionally regulated by the LysR-type regulator YeaT (39) . YeaT is closely related to the TtdR regulator of L-tartrate metabolism (26, 36) . In order to test the suggested role of YeaT and to differentiate this regulator from the DcuS-DcuR and TtdR regulators, the role of YeaT in the transcriptional regulation of yeaU and D-malate metabolism was studied. The substrate specificity of YeaT was compared to that of DcuS and TtdR, which respond to all C 4 -dicarboxylates (DcuS) or specifically to L-and meso-tartrate (TtdR) (26, 28) . This study identified the compounds that stimulate D-malate metabolism and showed how transcriptional regulation of the various C 4 -dicarboxylate pathways is differentiated and coordinated. To this end, the expression of yeaU (YeaT dependent), dcuB (DcuS-DcuR dependent), and ttdT (TtdR dependent) in response to regulators and stimuli that are characteristic of the pathways was tested. It turned out that the TtdR and YeaT regulators respond to a narrow and specific spectrum of effectors, in contrast to DcuS-DcuR, which responds to all C 4 -dicarboxylates. Surprisingly, D-malate dehydrogenase was strongly induced under anaerobic conditions as well; therefore, D-malate degradation during anaerobic growth of E. coli was studied. Since yeaT and yeaU encode a regulator and an enzyme specifically involved in D-malate metabolism, the genes and proteins were designated dmlR and dmlA (D-malate degradation) and DmlR and DmlA, respectively.
MATERIALS AND METHODS
Bacterial strains and growth conditions. For genetic analyses the bacteria (Table 1) were grown aerobically in Luria-Bertani (LB) broth (40) . For expression studies and growth experiments the bacteria were grown in eM9 medium (24, 31) , which is M9 mineral medium (34) supplemented with acid-hydrolyzed casein (0.1%, wt/vol; Gibco BRL) and L-tryptophan (0.005%, wt/vol). For anaerobic growth the cultures were incubated at 37°C in degassed media in infusion bottles with rubber stoppers under N 2 . The medium was supplemented with glycerol (50 mM), dimethyl sulfoxide (DMSO) (20 mM), and sodium gluconate (50 mM). Fumarate, L-, D-, and meso-tartrate, succinate, D-and L-malate, and nitrate (sodium salts; 50 mM each) were added as indicated below. For aerobic growth cultures were incubated in shaken (170 rpm) Erlenmeyer flasks with baffles filled to at most 15% of the maximal volume with eM9 medium containing the substrates plus gluconate (50 mM), as indicated below.
Construction of dmlA-and dmlR-lacZ reporter gene fusions. Gene fusions of dmlA and dmlR with lacZ were constructed essentially as described previously using the reporter gene fusion plasmids pJL28 and pJL30 (3, 52) . To obtain the dmlA-lacZ and dmlR-lacZ fusions in a plasmid, the promoter regions of the dmlA and dmlR genes were amplified with primers yeaU_eco20 (5Ј-CGC GCA GAG AAT TCG GTA AT-3Ј) and yeaU_sal20 (5Ј-CCG ATT CCT GAA TGT CGA CT-3Ј) and primers yeaU_EcoRI_for (5Ј CTT CTT TGC GAA TTC CGT CTC C) and yeaT_HindIII_rev (5Ј GCG CAA AGC TTT CAG CAG C), respectively, from genomic DNA of E. coli LJ1. The corresponding fragments covered the complete upstream regulatory regions of dmlA and dmlR, respectively. The amplified promoter regions were cloned into the corresponding restriction sites of reporter gene fusion plasmids pJL28 and pJL30, yielding pMW323 and pMW806, which encode the DmlA-LacZ and DmlR-LacZ fusion proteins. The dmlR-lacZ gene fusion was transferred to the specialized transducing phage RZ5, which was integrated into the chromosome (at the att site) of acceptor strains having the desired genotypes (4). D-Malate dehydrogenase activity. The D-malate dehydrogenase activity (decarboxylating) in cell-free homogenates was determined photometrically at 365 nm by determining the D-malate (4 mM)-dependent reduction of NAD ϩ (1 mM) in buffer containing triethanolamine (TRA) (90 mM, pH 7.6) and MgCl 2 (4 mM). The bacteria used for preparation of the cell-free homogenates were grown in eM9 medium under aerobic conditions on D-malate and gluconate (50 mM each) to an optical density at 578 nm (OD 578 ) of 0.5. Each cell-free homogenate was prepared from bacteria washed in TRA buffer (0.1 M, pH 7.6) at 4°C. The washed bacteria in TRA buffer with 2 mM dithiothreitol (DTT) were broken twice with a French press at 87 ϫ 10 5 Pa. The homogenate was cleared by centrifugation at 10,000 ϫ g for 15 min at 4°C and used for the enzyme assay at 37°C. Formation of 1 mol of NADH corresponded to degradation of 1 mol of ␤-Galactosidase activity assay. Bacteria were grown in eM9 medium under aerobic or anaerobic conditions with the substrates indicated below for the individual experiments, as described previously (4, 26) . The subcultures used for inoculation were grown under the same conditions and with the same media and substrates as the bacteria used for the main experiment. Using exponentially growing bacteria (OD 578 , 0.5 to 0.8), the ␤-galactosidase activity was determined as described by Miller (34) . The activities were determined using three or more independent growth experiments, each performed at least in triplicate. Standard deviations were calculated.
Identification of fermentation products by HPLC. The products of D-malate fermentation in the supernatants from anaerobic growth experiments (late exponential growth phase) or from anaerobic cell suspensions in eM9 medium were determined after removal of bacteria by centrifugation. The substrates and products in each supernatant were analyzed by high-performance liquid chromatography (HPLC) with an Aminex HPX87H column (300 by 7.8 mm; BioRad) at 65°C with buffer (6.5 mM H 2 SO 4 ) at a flow rate of 550 l/min and were quantified by UV (215 nm) and refractive index detection (25) . The retention time was determined and quantitative calibration for D-malate was performed using a standard solution of D-malate. The amounts of CO 2 and H 2 formed were calculated by assuming that 1 mol of formate was formed per mol of acetate and mol of ethanol and by assuming that the difference between the theoretical and experimental amounts of formate was converted to CO 2 and H 2 .
Inactivation of dmlR. The dmlR gene was deleted using the method of Datsenko and Wanner (8) as described by Lehnen et al. (31) and Kim and Unden (24) . For insertional inactivation, the PCR product of the chloramphenicol resistance (Cm r ) cassette from plasmid pKD3 was used, which was flanked by FRT sequences. Primers yeaT_H1P1 (5Ј-GGA GAA AAT CAG GTT TTA ACC TGA TAT CAA CCC GAT AAT TGA ATC ATT AAG TGT AGG CTG GAG CTG CTT C-3Ј) and yeaT_H2P2 (5Ј-CAT CAC CAT CCT ATA ATT GAC TGA AAA GGA ATT AAT CCC CGT AAC TGC ATA TGA ATA TCC TCC TTA G-3Ј) contain parts of the regions adjacent to FRT and of the 5Ј and 3Ј regions of dmlR, respectively. The PCR products obtained with the primers were purified, concentrated, and used for transformation. Chloramphenicolresistant colonies were tested to determine loss of the helper plasmid (pKD46) by examining ampicillin sensitivity. To delete the Cm r cassette, the dmlR::Cm r mutant was transformed with the FLP helper plasmid pCP20 and selected at 30°C (6). The dmlR::Cm r ⌬dmlR mutant genotype was verified by performing PCR with test primers yeaT_test20 (5Ј-CCA GAT AGG TCC AGT AAT TC-3Ј), cat_frd (5Ј-GAG ATT ATG TTT TTC GTC TCA GCC AAT CC-3Ј), cat_rev (5Ј-CTA TCC CAT ATC ACC AGC TCA CCG TCT TTC-3Ј), and cat_mitte (5Ј-CTC TGG AGT GAA TAC CAC GAC-3Ј).
RESULTS
DmlR, a D-malate-and tartrate-responsive regulator of aerobic D-malate catabolism. The dmlR dmlA (or yeaT yeaU) gene cluster of E. coli is thought to encode enzymes and proteins for the degradation of hydroxylated C 4 -decarboxylates (39) . dmlR has an orientation different than that of the dmlA gene. DmlA, the product of dmlA is a (decarboxylating) D-malate dehydrogenase, and deletion of dmlA inhibited aerobic growth on D-malate (39) . The LysR-type regulator DmlR was suggested to regulate expression of the dmlA gene (39) . DmlR shows 49% sequence identity and 67% similarity to the L-tartrate regulator TtdR (26, 36) . A large number of basic amino acid residues are conserved in the effector binding domains of DmlR, TtdR, and related LysR-type regulators.
A plasmid-borne dmlA-lacZ reporter gene fusion was used to test transcriptional regulation of dmlA expression in response to the presence of C 4 -dicarboxylates during aerobic growth (Fig. 1A) . In a wild-type background, D-malate and meso-and L-tartrate caused high levels of induction of dmlAlacZ expression (up to 12.3-fold). With L-malate, succinate, and D-tartrate there was no or only weak induction. The inducers D-malate and L-and meso-tartrate are C 4 -dicarboxylates that have a hydroxyl group in the R configuration at the C-2 or C-3 position. L-Malate, which has a hydroxyl group in the S configuration at the C-2 position, does not function in dmlAlacZ induction.
There was almost no induction of dmlA expression by Dmalate and L-and meso-tartrate in the strain lacking a functional dmlR gene (Fig. 1) ; induction was restored by introducing plasmid-borne dmlR (pMW414) into the mutant (890 Miller units). Inactivation of ttdR had only a small effect or no effect on dmlA-lacZ expression, whereas inactivation of dcuS resulted in a significant (2.0-to 3.7-fold) increase in dmlA-lacZ expression compared to the wild type. Inactivation of dcuR stimulated expression of dml-lacZ to the same extent as dcuS inactivation. In a dcuR dmlR double mutant the stimulating effect of the dcuR mutation was not observed, suggesting that the effect of DcuS-DcuR requires a functional DmlR regulator. Inspection of the dmlA promoter revealed a consensus site for DcuR (1) at positions Ϫ96 to Ϫ46 relative to the translational start site, which could be an indication that DcuS-DcuR directly represses dmlA.
DmlR and DmlA are required for aerobic growth on Dmalate. The induction of dmlA expression by D-malate and the tartrate isomers suggests that these compounds support aerobic growth. The bacteria were able to grow on D-malate under aerobic conditions at rates and with yields comparable to those obtained when the bacteria were grown on succinate ( Fig. 2A) , in agreement with the report of Reed et al. (39) , whereas meso-tartrate ( Fig. 2A) (39) . Inactivation of the yeaV gene, which is located downstream of dmlA and codes for a secondary transporter belonging to the betaine-carnitine-choline (BCCT) family, had no effect on the growth with D-malate. Similarly, inactivation of the dcuA, dcuB, dcuC, ttdT, and yfaV genes, which encode other secondary transporters or putative transporters for C 4 -dicarboxylates, did not impair the growth on D-malate (not shown). We concluded that aerobic growth that depends on the dmlA dmlR genes occurs only on D-malate. The structurally related C 4 -dicarboxylates L-and meso-tartrate induce dmlA expression but do not support aerobic growth. DctA is the only or major transporter for D-malate uptake, as suggested previously (39) . The effect of the C 4 -dicarboxylate regulators DcuS, TtdR, and DmlR on aerobic growth with D-malate and succinate was tested in the same way (not shown). The dmlR mutant did not grow on D-malate, as noted by Reed et al. (39) . The growth of a mutant deficient in dcuS on D-malate and succinate was slightly impaired, whereas inactivation of ttdR had no significant effect (not shown). The significance of inactivation of dcuS for growth on D-malate and succinate can be explained by the stimulation of dctA expression by DcuS-DcuR (9) .
Effect of electron acceptors on dmlA expression. The expression of dmlA-lacZ at high levels was induced under anaerobic conditions in the presence of D-malate and was more than 5-fold greater than the expression under aerobic conditions (Fig. 3) . Addition of nitrate during anaerobic growth repressed the expression about 2.2-fold, but the expression was still higher than the expression under aerobic conditions. The presence of glucose during anaerobic growth repressed dmlA expression to levels similar to those observed after nitrate addition, suggesting that there was some glucose repression The arcA and fnr genes code for regulators controlling the expression of genes in response to the presence of O 2 (15, 20, 47) . Inactivation of the fnr and arcA genes caused a decrease in dmlA expression (Fig. 3) . When the effects of the mutations (Fig. 2B) . The growth rate on glycerol plus D-malate (about 0.02 to 0.04 h Ϫ1 ) was comparable to the anaerobic growth rate on D-tartrate plus glycerol (0.039 h Ϫ1 ) (25) . Nearly equimolar amounts of D-malate and glycerol were consumed, and the major fermentation products were succinate, formate, acetate, and ethanol ( Table 2 ). The overall fermentation balance was as follows: 1.0 D-malate ϩ 1.0 glycerol 3 0.9 succinate ϩ 0.6 acetate ϩ 0.6 ethanol ϩ 0.7 formate ϩ 0.5 CO 2 ϩ 0.5 H 2 .
The nearly 1:1 ratio of D-malate consumption to succinate production and the requirement for an electron donor suggest that there is conversion of D-malate to fumarate by fumarase, followed by reduction of fumarate to succinate by fumarate reductase. Oxidation of glycerol to formate, acetate, and ethanol supplies electrons for fumarate reduction. Strains of E. coli lacking fumarate reductase (frdABCD genes) or the anaerobic fumarase FumB were not able to grow anaerobically on D-malate (Fig. 2B) , supporting the conclusion that anaerobic D-malate metabolism depends on fumarate respiration and expression of fumB and frdABCD. In addition, the anaerobic C 4 -dicarboxylate transporter DcuB could be important since expression of dctA is repressed under anaerobic conditions (9) . Inactivation of dcuS inhibited anaerobic growth on D-malate (Fig. 2B) , which can be explained by the requirement for DcuS-DcuR for fumB and dcuB induction. On the other hand, anaerobic growth on D-malate plus glycerol was not dependent on DmlA, since the growth of a dmlA mutant on D-malate was not impaired. However, a small portion of D-malate may be degraded via DmlA and pyruvate to ethanol, acetate, and formate. This possibility is supported by the substoichiometric succinate production compared to D-malate degradation and the excess acetate and ethanol production compared to glycerol degradation in some experiments (Table 2) .
When a suspension of bacteria was incubated with D-malate and glycerol, the products were comparable to those obtained from growing bacteria ( Table 2) ; only the yields and the relative amounts of the products showed some variation compared to the results obtained for the growing bacteria. When a cell suspension was incubated with D-malate under anaerobic conditions without glycerol, D-malate was not metabolized to a significant extent. The low rates of growth and of D-malate metabolism under anaerobic conditions raised the question whether the anaerobically grown bacteria have significant D-malate dehydrogenase activity. To measure D-malate dehydrogenase activity, the bacteria were grown aerobically and anaerobically on D-malate plus cosubstrates to obtain induction of dmlA as described above ( Fig. 1 and 3) . The bacteria grown under aerobic conditions exhibited D-malate dehydrogenase activity (20 U/g protein), which was detected by the D-malate-dependent formation of NADH from NAD. NADH formation was abrogated when lactate dehydrogenase was included in the assay mixture, since the lactate dehydrogenase reoxidized the NADH at the expense of the pyruvate that was formed by D-malate dehydrogenase. The cell extracts were not able to use L-tartrate as a substrate for dehydrogenation instead of D-malate (Ͻ1 U/g protein in the cell extract). Therefore, D-malate is converted by the decarboxylating D-malate dehydrogenase and produces pyruvate, as shown previously for this type of enzyme (12, 39, 45) , and the enzyme is specific for D-malate. The activity was 3.2-fold higher when the bacteria were grown under anaerobic conditions (64 U/g protein), which is in agreement with the results of the expression studies (Fig. 3) . We concluded that anaerobically grown bacteria exhibit high D-malate dehydrogenase activities. However, this enzyme is not used in anaerobic metabolism irrespective of the presence of an additional electron donor (glycerol).
Transcriptional regulation of dmlR by C 4 -dicarboxylate-specific regulators. The expression of LysR-type regulators is often subject to autoregulation or regulation by other regulators (43) . The expression of dmlR in response to DmlR and other regulators (DcuS-DcuR and TtdR) of C 4 -dicarboxylate metabolism was tested by using a dmlR-lacZ gene fusion and the corresponding regulator mutants. A single copy of the dmlRlacZ fusion was introduced into the genome to avoid distortion of expression data due to variations in the copy numbers of plasmids. Under aerobic conditions the level of expression of dmlR-lacZ was generally low (Fig. 4A) . In the wild-type background D-malate or L-tartrate caused no or only weak induction. When the dmlR gene encoding DmlR was inactivated, the expression of dmlR-lacZ increased significantly in the absence (Fig. 4B) . Again, the expression increased in the dmlR mutant in the absence and in the presence of the inducers. Thus, the expression of dmlR appears to be negatively autoregulated under anaerobic conditions as well, but the level of expression was generally lower than that under aerobic conditions.
Role for DmlR in the transcriptional regulation of ttdA and dcuB. To examine a potential regulatory effect of DmlR on the other pathways for C 4 -dicarboxylate degradation, the expression of DcuS-DcuR-and TtdR-regulated genes was measured in dmlR-positive and -negative backgrounds (Table 3 ). The dcuB and ttdA genes are major targets of DcuS-DcuR and TtdR, respectively, and were used due to their clear responses to the regulators. L-Tartrate, D-malate, and fumarate were tested as the key effectors for the sensors TtdR, DmlR, and DcuS-DcuR. As expected, expression of the TtdR-regulated ttdA-lacZ gene fusion was strongly induced in the wild-type strain by L-tartrate but was not induced or was only weakly induced by fumarate or D-malate. In the dmlR mutant the L-tartrate-induced expression was 26% lower, suggesting that DmlR has some (direct or indirect) effect on ttdA expression. Surprisingly, D-malate had a strong stimulatory effect on ttdAlacZ expression in the dmlR mutant (53-fold), which was not observed for the wild type (2.3-fold). The increased expression required an intact ttdR gene, since in a ttdR dmlR double mutant there was not much stimulation.
Due to the link between DmlR and TtdR regulation, whether expression of ttdR coding for the regulator TtdR was changed in the dmlR mutant was tested ( Table 3) . Expression of ttdR-lacZ was stimulated slightly by L-tartrate, D-malate and fumarate (2.2-to 3.1-fold), similar to previous results (26) , and the effects are known to depend on TtdR and DcuS-DcuR. In the mutant there was still stimulation by fumarate, whereas induction by L-tartrate and induction by D-malate were slightly decreased and increased, respectively. The expression of the DcuS-DcuR-regulated gene dcuB was stimulated by each of the effectors (Table 3) since DcuS responds to each type of C 4 -dicarboxylate (28) . The little extra stimulation of dcuB-lacZ by D-malate was not observed after inactivation of dmlR, but otherwise had DmlR no effect on dcuB-lacZ expression with various effectors.
Overall, the expression of ttdA, ttdR, and dcuB exhibited minor (ttdR and dcuB) or clear (ttdA) changes in response to D-malate when dmlR was deleted. These findings can be explained by assuming that there is an indirect mechanism. DMalate might accumulate in the dmlR mutant since D-malate degradation is inhibited, whereas uptake by the DmlR-independent DctA (or Dcu) transporters is not inhibited in the mutant. D-Malate can function as an effector of TtdR due to structural similarity to L-and meso-tartrate, and all of these compounds are C 4 -dicarboxylates with hydroxyl groups in the R configuration at the C-2 or C-3 position. This conclusion is supported by the results obtained for the dmlR ttdR double a ttdA-ЈlacZ and dcuB-lacZ were provided on plasmids pMW322 and pMW99, and the ttdR-lacZ fusion was inserted into the chromosome. The expression was tested in strains with the corresponding reporter gene fusions in wild-type (wt) and dmlR backgrounds. The bacteria were grown in eM9 medium under anaerobic conditions in the presence of DMSO (20 mM), glycerol (50 mM), and the corresponding inducers (50 mM each) or without an inducer. The pathway uses the D-malate dehydrogenase DmlA, pyruvate-formate lyase, ethanol dehydrogenase AdhE, phosphotransacetylase (Pta), and common enzymes involved in mixed acid fermentation, including the acetate kinase AckA, resulting in a net yield of 1 mol of ATP per 2 mol of D-malate. However, the uptake of 2 mol of D-malate by the Dcu transporters (or DctA) during anaerobic growth requires 4 to 6 mol of H ϩ (11, 17) , which is equivalent to consumption of 1 to 1.5 mol of ATP. Therefore, the overall reaction yields no ATP or there is a negative ATP yield, which explains the lack of growth.
In the presence of glycerol as an additional electron donor, D-malate is obviously used for fumarate respiration (despite the high activity of D-malate dehydrogenase), yielding 1 mol of succinate per mol of D-malate. Growth on D-malate plus glycerol by channeling D-malate into fumarate respiration and oxidizing glycerol to acetate, formate, and ethanol yields approximately 1.5 to 2 mol of ATP per mol of D-malate plus glycerol. D-Malate is presumably dehydrated by a side reaction of anaerobic fumarase B, which has also been observed for D-tartrate in D-tartrate fermentation by E. coli (25) . This hypothesis is supported by the growth deficiency of the fumB mutant on glycerol plus D-malate. However, the fermentation balances suggest that small amounts of D-malate are degraded under anaerobic conditions by DmlA as well, and therefore, some acetate, ethanol, and formate are produced in addition to the amount produced from glycerol.
The D-malate dehydrogenase is a decarboxylating enzyme yielding pyruvate that was identified previously in E. coli (45) . This enzyme is specific for D-malate and does not accept Ltartrate, in contrast to the regulator DmlR, which apparently responds to L-and meso-tartrate as well. The substrate specificity demonstrates the function of the enzyme in D-malate metabolism. Therefore, the previously described yeaU and yeaT genes and YeaU and YeaT proteins are renamed dmlA and dmlR and DmlA and DmlR, respectively. The expression of the genes is regulated essentially by D-malate and L-and meso-tartrate. The general metabolic regulators FNR, ArcBArcA, CRP, and DcuS-DcuR have only a limited effect, and it appears that D-malate metabolism is not fully integrated into the metabolic and regulatory system of E. coli, suggesting that D-malate metabolism plays a role only under rare and specific conditions.
The physiological source of D-malate is not known, but various bacteria are able to produce D-malate from maleate (2, 49) or from m-cresol (18) . Despite the unknown origin of D-malate, growth on this substrate and the function of Dmalate dehydrogenases have been described for various bacteria, including Rhodobacter capsulatus, Rhodopseudomonas sphaeroides Y, Pseudomonas fluorescens, and E. coli (22, 29, 32, 39) .
Coordination of the D-malate-specific pathway with the general C 4 -dicarboxylate pathways: exogenous and endogenous regulation by C 4 -dicarboxylates. In E. coli three regulatory systems are known for control of general C 4 -dicarboxylate metabolism (DcuS-DcuR), L-tartrate fermentation (TtdR), and aerobic D-malate catabolism (13, 22, 26, 36, 52) . These pathways are differentially regulated but are coordinated by partially overlapping substrate specificities and by mutual control of regulator expression. Thus, TtdR responds to L-and mesotartrate, which are C 4 -dicarboxylates with two hydroxyl groups at the C-2 or C-3 position, one of which has to be in the R configuration. DmlR, on the other hand, responds to D-malate and to L-and meso-tartrate, which are C 4 -dicarboxylates with one hydroxyl group at the C-2 or C-3 position that has to be in the R configuration. The second hydroxyl group of the tartrate isomers apparently is tolerated in any configuration. Binding of the effectors to DmlR and TtdR has not been demonstrated directly. DcuS, on the other hand, responds to all C 4 -dicarboxylates and tolerates a large number of groups at the C-2 or C-3 position, including hydroxyl, amino, and methyl groups, in the S or R configuration. Interaction and binding of the C 4 -dicarboxylates to DcuS have been demonstrated experimentally (7, 21, 28) .
The target genes of TtdR are limited to L-tartrate fermentation (genes ttdAB, ttdT, and ttdR) (26, 36) , those for DmlR to D-malate degradation (dmlR and dmlA), those for DcuS-DcuR to fumarate respiration (dcuB, fumB, and frdABCD), and an aerobic C 4 -dicarboxylate transport gene (dctA) (1, 13, 52 Coordination of the pathways is also achieved to some extent by mutual transcriptional regulation of the gene regulators. Thus, DcuS-DcuR controls the expression of the ttdR gene (26) . In contrast, TtdR affects expression of DcuS-DcuRregulated genes, like dcuB, but it is not clear whether this regulation is direct or indirect due to control of the expression of dcuS and dcuR. DmlR, on the other hand, regulates its own synthesis, but it is essentially independent of DcuS-DcuR and TtdR under most conditions. It appears that the pathways for the general C 4 -dicarboxylates are regulated by exogenous induction using the DcuSDcuR system, whereas the specific pathways for the uncommon C 4 -dicarboxylates D-malate and L-tartrate are regulated by endogenous induction using cytoplasmic LysR-type regulators. The use of different types of sensors or regulators is explained by the finding that extracellular (or exogenous) induction is observed for substrates that are also found in the central metabolic pathways, whereas intracellular (or endogenous) induction occurs for uncommon substrates (D-malate and L-tartrate) that are not intermediates in central metabolism. Substrates of this type can be perceived by intracellular regulators after uptake into the bacterial cell, since no interference from central metabolism is expected. Fumarate, succinate, and L-malate, on the other hand, are central metabolites under aerobic and anaerobic conditions. Therefore, extracellular sensing has to be used for differentiation of these compounds from intracellular metabolites. An early example of exogenous induction is regulation by glucose-6-phosphate (51) . The extracellular sensing system responsible for this regulation was later identified as the UhpCBA two-component system (for a review, see reference 23).
Overall, it appears that C 4 -dicarboxylate metabolism and regulation in E. coli are complex, and the C 4 -dicarboxylates are versatile and important substrates under aerobic and anaerobic conditions. Recently, it was shown that in Bacillus subtilis Lmalate is coutilized with glucose and that it is a second preferred carbon source (5, 14, 27) , and it would be interesting to test whether C 4 -dicarboxylates are also preferred carbon sources in E. coli.
